We present an optimization algorithm for the design of multilayer antireflection (AR) coatings for organic photovoltaic (OPV) cells. When a set of available materials for the AR films is given, the proposed method allows for searching the globally optimized AR structure that maximizes the short-circuit current density (J SC ) under simulated solar light illumination (AM 1.5). By applying this method to an OPV solar cell with a configuration of Al/P3HT:PCBM/MoO 3 /ITO, we demonstrated that J SC can increase by 7.5% with a 6-layer AR coating, consisting of MgF 2 , ZnS, and Al 2 O 3 . A notable feature of this method is that it can find not only the optimal solution, which maximizes J SC , but also the quasi-optimal solutions, which increase J SC to nearly maximum levels. We showed that the quasi-optimal solution may have higher robustness against deviations in film thicknesses, from their designated values. This method indicates the importance of practically useful, non-optimal solutions for designing AR coatings. The present method allows for extending the user's choices and facilitates the realization of a practical design for an AR coating.
Introduction
Organic photovoltaics (OPVs) have been attracting considerable attention owing to their notable properties such as flexibility, light weight, and low material cost [1] , [2] . In the past decade, the power conversion efficiency (PCE) of OPVs has drastically increased to 10% [3] . Many works have been devoted to developing materials for better solar energy harvesting [4] , [5] and to establishing methods for efficient large-scale production [6] , [7] .
An important factor limiting the efficiency of OPVs is the low carrier mobility of organic semiconductors [8] - [10] . Although the photo absorption of organic semiconductors is generally high, efficient extraction of charge carriers from them is difficult. Therefore, the thickness of the active layer needs to be restricted to as low as 100 nm to achieve efficient carrier extraction [10] , [11] . To maximize light absorption in the thin active layer, new methods have been developed for light trapping using nanostructures [10] , [12] and optical spacers [13] (for a review, see [9] ).
Here, we examine an alternative approach to light trapping for OPVs. We examine the multilayer AR films that are deposited on both sides of the glass substrate, to maximize short-circuit current density (J SC ). The problem of global optimization of multilayer AR structures for solar cells is a topic of ongoing research [14] - [16] . This problem is difficult to solve because of the high cost of evaluating the objective function and the existence of many local optimal solutions [16] . The structure of multilayer AR films suited for solar cells with thin absorbers has not yet been fully understood [14] . We propose a robust optimization method that can evaluate the level of the decrease in performance due to deviations in film thicknesses from optimized values. It is quite important to consider the effects of such deviations, since low-cost commercial techniques used to deposit AR films necessarily produce variations in film thicknesses [17] . The proposed method optimizes the layer configuration of the AR film when a set of available materials are given in advance. This method can search not only the optimal solution that maximizes J SC but also quasi-optimal solutions that correspond to nearly maximum values of J SC . We showed that the quasi-optimal solutions could be more robust against the variations in film thicknesses and simpler than the optimal solution. Furthermore, in comparison to the proposed method, we examined multilayer AR coatings (ARCs) designed by optimizing the refractive index for each layer as in the case of materials with a controlled porosity [18] , [19] . Additionally, we compared performances between the AR films deposited on the front and back sides of the substrate. These results provide insights for realizing a robust and simple ARC design for practical application to OPVs.
Methods

Proposed Optimization Algorithm
We propose an optimization algorithm to design multilayer AR films for OPVs. The objective of this algorithm is to determine the material and thickness for each AR layer to achieve the highest J SC , given a set of available materials. A P3HT:PCBM-based OPV shown in Fig. 1 (left) was used as a typical example in this study. In this example, the OPV device contains a total of 6 layers of ARC on both sides of the substrate (3 layers on each side).
The block diagram of the proposed algorithm is presented in Fig. 2 . As shown in this diagram, the algorithm is characterized by a double loop. In the outer loop (Steps (1-6) in Fig. 2 ), all possible combinations of materials are examined, while in the inner loop (Steps (2-4) in Fig. 2 ), Copyright c 2013 The Institute of Electronics, Information and Communication Engineers the optimization of the film thicknesses is executed for each material combination. To obtain the global optimal solution efficiently in the inner loop, we used the multistart algorithm [20] . In this algorithm, local searches, such as the quasi- Fig. 1 Examined structure of OPV. The left figure represents the material and layer thickness (in parentheses) for each layer. The six layers, labeled as L1-L6, show the AR films to be designed. As illustrated in the right figure, the OPV consists of two thin film stacks and a glass substrate that is much thicker than the stacks. Newton method, are performed from random initial points. In Step (4) in Fig. 2 , the number of cycles of local searches (N) is set to 50. Increasing this number to 75 or 100 did not change the optimal solution in our example (Fig. 1) . The effects of deviations in film thicknesses from their designated values are evaluated in Step (7) in Fig. 2 . Here, the decrease in J SC by such deviations is estimated as δJ SC (see below). Rows 1-4 in Table 1 show an example of the solution list generated in Step (7) in Fig. 2 . The solution list contains the increase rate in J SC due to the ARC for each solution in the absence and presence of deviations in the film thicknesses (γ andγ, respectively; see below).
If a 6-layer ARC (as in Fig. 1 (left)) is designed with 3 different materials, there exist 144 possible combinations of materials excluding cases where the same material is used for adjacent layers. Therefore, the cycle number of the quasi-Newton method becomes 7,200 (= 144 × 50). This corresponds to a computation time of around 1 h using an Intel Core i7 personal computer (2.93 GHz) and program code written in C++.
For comparison to the proposed algorithm, we performed global optimization of the refractive indexes and thicknesses of AR layers without making assumptions about specific materials (the bottom row in Table 1 ). The multistart algorithm [20] was used for the optimization algorithm. The refractive index of each AR layer is supposed to assume an arbitrary value between 1.05 and 2.7, which corresponds to materials with controlled porosity [21] .
Estimating the Effects of Deviations in Film Thicknesses on J SC
The effects of deviations in the thicknesses of AR films on J SC were examined in our algorithm (Step (7) in Fig. 2 ). We define δJ SC to be the expected decrease in J SC when the thicknesses of all the AR layers exhibit independent deviations from those of the (local) optimal solutions. Then, δJ SC is described by the following equation:
Here, d * denotes the vector composed of the thicknesses of AR layers corresponding to the solution, where the size of the vector p is the same as the number of AR layers. The term Δd i (i = 1, . . . , 2 p ) is the vector having size p to determine the magnitude and direction of the deviations in the film thicknesses. Throughout this study, the deviation in the thickness of each AR layer is set to be ±5 nm. Thus, in the case of p = 2, for example, we have Δd 1 = (5 nm, 5 nm), Δd Note that in our algorithm (Fig. 2) , δJ SC is evaluated solely for the solutions that have been saved in (5). Obviously, it is possible to incorporate the effects of deviations in the film thicknesses into the objective function used for the local searches (Step (3) in Fig. 2) . However, the evaluation of the effects of such deviations requires a high computational effort since this should generally be accompanied by a procedure for changing the thicknesses of all AR layers independently and calculating J SC . It would be practically sufficient to evaluate the effects of deviations solely for the local optimal solutions, as in our algorithm. This is because in the neighborhood of these solutions, J SC does not change with respect to the first-order variations in the layer thicknesses, and thus they are intrinsically quite robust against deviations.
Optical Analysis by Characteristic Matrix Method
We performed optical analysis of OPVs using the characteristic matrix method [22] . As shown in Fig. 1 , the solar cell structure with an ARC, which was considered in this study, contains two thin film stacks and a much thicker glass substrate. Therefore, as in previous studies [23] , [24] , we assumed that internally within the thin multilayer stacks, the light is added coherently by the characteristic matrix-based formalism, whereas for the thick substrate, the coherence is lost, and the addition of irradiances (not optical field amplitudes) is considered. The procedures for calculating J SC are summarized as follows.
The reflectance R and transmittance T for a multilayer stack (with q layers) are generally described by the following equations [22] :
and
where η i and η e are the optical admittances of the incident and emergent media, respectively. Here, B and C are obtained as
where the characteristic matrix M r for the rth layer is
In this matrix, δ r denotes the phase difference between the top and bottom of the rth layer, and η r is the optical admittance for the rth layer. We assume the active layer (i.e., P3HT:PCBM) to be the pth layer in a multilayer stack, and denote the absorbance in the active layer as A p . Then, we can find
where ψ p is the potential transmittance [22] , [24] for the subassembly, including the structure from the incident surface to the pth layer, within the stack containing the active layer. I s is the irradiance entering this stack. By taking into consideration the multiple reflection at the interfaces between the substrate and both the stacks (Fig. 1, right) , I s can be described as
where R b , R c , T a , and T c are the reflectance and transmittance defined as shown in Fig. 1 (right) . ψ t is the potential transmittance of a whole multilayer stack containing the active layer. We denote the absorbance in the active layer at wavelength λ as A p (λ). Then, the number of photons absorbed in the active layer, corresponding to wavelength λ, becomes
Here, F(λ) represents the spectrum of solar irradiance given by the AM 1.5 standard [25] , h is the Planck constant, and c is the speed of light in vacuum. Using the unit charge q, we can convert the number of photons into the generated photocurrent as follows:
where λ g is the wavelength corresponding to the band gap energy of P3HT (653 nm), and F NR (λ) is the nonrecombination factor, which for simplicity we assume to be 1 at all λ [26] . We also investigated the depth profile of light absorbance within solar cells. We define ψ(z) to be the potential transmittance for the substructure from the incident surface to a point within a multilayer stack, which is separated from the surface by distance z [22] , [24] . Then, the spatial distribution of the absorbed energy is described as (1 − R)ψ (z). We obtained this value with changing z and wavelength λ to plot Fig. 3(c) .
For the range of wavelengths of interest (300-700 nm) the optical data were taken from the following studies: Hoppe et al. [27] for Glass and ITO, Szekeres et al. [28] for MoO 3 , Lioudakis et al. [29] for P3HT:PCBM (with the 50:50 wt%), Gray [30] for Al, Borgogno et al. [31] for MgF 2 , Flory et al. [32] for ZnS, and Palik [33] for Al 2 O 3 .
Experimental Results
To examine the applicability of the proposed optimization algorithm, we applied it to design the 6-layer AR films shown in Fig. 1 (left) . The materials for ARC were selected from MgF 2 , ZnS, and Al 2 O 3 , all of which are typically used for AR films (e.g., [34] ). The configuration of the optimized AR layers is shown in solution No. 1 (top row) in Table 1 , showing that the ARC enhances J SC by 7.51% and 6.97% in the absence and presence, respectively, of deviations in the film thicknesses from their design values. To elucidate the optical properties of the ARC, in Fig. 3(a) , we plotted the absorption spectra of P3HT:PCBM in the OPV for the cases with and without the ARC (red and black lines, respectively). The figure shows that the ARC enhances the photo absorption in P3HT:PCBM in a wide wavelength range, mainly from 450 nm to 650 nm. The green line in Fig. 3(a) shows, for comparison, the absorption spectrum for the case of incorporating AR films whose refractive indexes and layer thicknesses are optimized (see Methods). As shown in the bottom row of Table 1 , applying the AR films with the optimized refractive indexes can increase J SC by 10.39%, which is higher than the case only with the available materials (7.51%), as expected, due to increased freedom in designing the ARC configuration.
The depth profiles of absorbance in Fig. 3(b) indicate that the absorbance in P3HT:PCBM is quite high (∼0.8) at relatively shorter wavelengths of 450 nm and less, except for very short wavelengths of less than 330 nm where the irradiance of the simulated sunlight remains very weak (Fig. 3(a) , blue line). However, as the wavelength increases, the light absorption tends to gradually decrease. In particular, in the wavelength range near the band gap of P3HT (λ = 653 nm), a strong increase in both the reflectance at the solar cell surface and the absorption in Al leads to the decrease of absorption considerably in the active layer (Figs. 3(b) and 3(c) ).
As shown in Fig. 4(a) , as the wavelength increases, the refractive index of P3HT:PCBM increases considerably to more than 2.5 while its extinction coefficient decreases to near 0. It is likely that for longer wavelengths, these changes in the optical constants may serve to increase the reflectance and to decrease the absorbance in P3HT:PCBM (Fig. 3(b) ). However, it is not clear how the strong absorption takes place in Al at longer wavelength (Figs. 3(b) and  3(c) ). To clarify this, we examined how the transmittance from P3HT:PCBM into Al depends on their optical parameters. If we define n 0 and k 0 to be, respectively, the refractive index and extinction coefficient of the incident medium (i.e., P3HT:PCBM), and n 1 and k 1 to be those of the emergent medium (i.e., Al), then the transmittance T between the 2 media can be described as
In Fig. 4(c) , we plotted changes in T as function of wavelength by using the values of n 0 , k 0 , n 1 , and k 1 shown in Figs. 4(a) and 4(b) . The result clearly indicates that the transmittance from P3HT to Al considerably increases with increasing wavelength, which can explain the occurrence of strong absorbance in Al (Figs. 3(b) and 3(c)) .
A notable advantage of our design method is that it can find not only the optimal solution (No. 1 in Table 1 ) but also the quasi-optimal solutions (No. 2-4 in Table 1 ), which give the values of J SC near the optimized value. For each solu- tion, our algorithm calculates the enhancement in J SC due to applying ARCs in the absence and presence of deviations in film thicknesses from the designated values (γ andγ, respectively, in Table 1 ). As seen in Table 1 , without deviations, the value of J SC for solution No. 2 is slightly lower than that for solution No. 1 by about 0.1% (γ = 7.51% (No. 1) and 7.39% (No. 2)). Importantly, however, with deviations the order relationship can be reversed such that the J SC value for solution No. 2 becomes higher than that of solution No. 1 by 0.2% (γ = 6.97% (No. 1) and 7.17% (No. 2)). Therefore, by selecting the quasi-optimal solution instead of the optimal solution, we can select a more robust solution in the presence of variations in film thicknesses. This may allow for a more stable result in mass production. Furthermore, the solution No. 1 in Table 1 Additionally, we compared the ARCs on the front, back, and both sides of the substrate (Fig. 5) . The white bars in Fig. 5 show the increase in J SC by the 6-layer ARC (i.e., solution No. 1 in Table 1 ) and by the 3-layer ARC on either the front or back side of the substrate (L1-L3 or L4-L6 in Fig. 1 (left), respectively) . Here, these ARCs were obtained by the proposed optimization method. For comparison, in the gray bars in Fig. 5 , we show the changes in J SC by the 3-layer and 6-layer ARCs similarly, except for using the AR films designed by optimizing the refractive indexes and layer thicknesses (see Methods). The results indicate that the AR films on the back side of the substrate are more effective than those on the front side, and that this difference is significantly greater for the AR film with the refractive index optimized. Table 1 (bottom row) suggests that the material with very low refractive index is optimal for L4 and L6 (n = 1.08 and 1.05, respectively), which may underlie the fact that the availability of an arbitrarily controlled refractive index is particularly beneficial for L4-L6. The increase rate in J SC by the 6-layer ARC is nearly equal to a simple summation of the effects of the two 3-layer ARCs for the both types of optimization methods (Fig. 5, dashed horizontal lines) .
Conclusions
In this study, we proposed a method to design the multilayer ARCs for OPVs. This method can globally optimize the materials and thicknesses of AR films, when a set of available materials is given. By applying 6-layer ARC, consisting of the materials selected from MgF 2 , ZnS, and Al 2 O 3 , we have obtained an increase rate in J SC by 7.51% (No. 1 in Table 1 ) with the AM1.5 solar spectrum at normal incidence. For comparison, we additionally examined the optimization of refractive indexes and layer thicknesses of ARCs, showing an improvement in the performance by 10.39% (the bottom row in Table 1 ). These results are comparable to the outcome of a recent study examining nanostructured ARCs for OPVs, which has demonstrated 9.4% relative improvement (from 12.6 to 13.8 m A/cm 2 ) in J SC [12] . A main difficulty in optimizing multilayer ARCs lies in the existence of a number of local optimal solutions, as mentioned above [14] . Therefore, to overcome this problem, global optimization techniques, such as genetic algorithm [16] , [18] , simulated annealing [36] , and a method similar to ours combining random and local searches [14] , have been proposed. A novel feature of our method is that it can find not only the optimal solution but also quasi-optimal solutions and construct a list of solutions (Table 1) to make the comparison among them easier. This idea is quite simple but practically important because the quasi-optimal solutions may be more robust against manufacturing errors and simpler in the layer configuration than the optimal solution, and thereby have a greater potential advantage in the application (as in solution No. 2 in Table 1 ). The present study would be the first to demonstrate the importance of actively seeking "valuable non-optimal" solutions in designing ARCs. In the future work, it would be important to extend the proposed optimization method to include the effect of variations in angles of incident (AOI) [15] , [35] , and develop multilayer ARCs that are robust against the variations in both layer thicknesses and AOI.
In addition, we examined the wavelength-dependent properties of light absorption in the OPVs (Fig. 3 ). An important finding was that the combination of optical constants of P3HT:PCBM and Al at longer wavelengths produces strong absorbance in Al (Fig. 4) . It would be important to examine a method to prevent absorption in the metal and to strengthen the backside reflection. Furthermore, we compared the performance of the ARCs on the front and back sides of the substrate (Fig. 5) . The results showed that the AR layers between the substrate and the ITO layer were more effective in enhancing J SC , particularly when the refractive index is controllable. These findings would be helpful for designing the configuration of ARCs for OPVs. 
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